The relation between star formation rates and stellar masses, i.e. the galaxy main sequence, is a useful diagnostic of galaxy evolution. We present the distributions relative to the main sequence of 55 optically-selected PG and 12 near-IR-selected 2MASS quasars at z ≤ 0.5. We estimate the quasar host stellar masses from Hubble Space Telescope or ground-based AO photometry, and the star formation rates through the mid-infrared aromatic features and far-IR photometry. We find that PG quasar hosts more or less follow the main sequence defined by normal star-forming galaxies while 2MASS quasar hosts lie systematically above the main sequence. PG and 2MASS quasars with higher nuclear luminosities seem to have higher specific SFRs (sSFRs), although there is a large scatter. No trends are seen between sSFRs and SMBH masses, Eddington ratios or even morphology types (ellipticals, spirals and mergers). Our results could be placed in an evolutionary scenario with quasars emerging during the transition from ULIRGs/mergers to ellipticals. However, combined with results at higher redshift, they suggest that quasars can be widely triggered in normal galaxies as long as they contain abundant gas and have ongoing star formation.
INTRODUCTION
Super-massive black-holes (SMBHs) are now known to be integral components of galaxies. The tight correlation between SMBH masses and their host galaxy properties (e.g. Kormendy & Ho 2013) , and the similar mass growth rates between SMBHs and galaxies with cosmic time , indicate coevolution between the two (Heckman & Best 2014) . Quasistellar objects (QSOs), the manifestation of dramatic accretion onto SMBHs, are the key stage of SMBH growth and represent an important phase in the evolution of massive galaxies (Sanders et al. 1988; Hopkins et al. 2006) . Probing the properties of quasar hosts, e.g. host morphology (Dunlop et al. 2003) , color (Jahnke et al. 2004) , interstellar medium (Xia et al. 2012; Petric et al. 2015) and star formation behavior (Shi et al. 2007 (Shi et al. , 2014 Xu et al. 2015a) , is essential to understanding the environment where SMBHs grow, and to gain insights into the circumstances influencing coevolution.
Color-magnitude diagrams are frequently employed to investigate AGN host properties (Silverman et al. 2008; Xue et al. 2010) . However, the colors and magnitudes of galaxies can be affected by extinction, metallicity, the age of the stellar populations, and star formation rates as well as by the stellar mass. On the other hand, the galaxy main sequence characterizes the relationship between star formation rates (SFRs) and stellar masses (M ⋆ ) of normal star-forming galaxies (Brinchmann et al. 2004; Daddi et al. 2007 ). Elliptical galaxies lie about ∼ 1.5 dex below the typical SFRs of main sequence galaxies at a given stellar mass, while starbursts are located significantly above ( 0.6 dex) it (Whitaker et al. 2012) . The redshift evolution of the main sequence shows the roles of increased gas content and more efficient star formation triggering mechanisms at high redshift (Whitaker et al. 2012) . Therefore, the main sequence investigation that studies the locations of galaxies in the SFR vs. stellar mass plane, is less degenerate in physical interpretation than color-magnitude approaches.
Previous studies of AGN relative to the main sequence of galaxies mainly focus on deep survey data, and thus on the high-z regime (Xue et al. 2010; Mullaney et al. 2012; Harrison et al. 2012; Rosario et al. 2013; Xu et al. 2015a; Mullaney et al. 2015) , or on moderate-luminosity AGN at low-z (e.g. Shimizu et al. 2015) . Instead, we will quantify the distribution along the main sequence of the Palomar-Green (PG; Schmidt & Green 1983) and Two Micron All Sky Survey (2MASS; Cutri et al. 2001; Smith et al. 2002) archetypal low-redshift quasar samples. This study builds on that of Shi et al. (2014) , who presented infrared spectroscopic and photometric observations of PG and 2MASS quasars and used them to derive star formation rates. We complement these results by estimating the stellar masses using the optical/near-IR photometric measurements of quasar hosts from the literature based on Hubble Space Telescope and groundbased adaptive optics (AO) observations.
SAMPLE
We drew sources for our study from the parent samples of 88 PG quasars at z ≤ 0. optically selected quasars and are all classified as type 1. 2MASS quasars represent a redder quasar population compared to PG quasars but have similar K s -band luminosity (Smith et al. 2002) . The 2MASS quasars contain a broad range of types including 21 type 1, 37 intermediate, 4 type 2 and 1 low-ionization emission line object.
To find objects suitable for determination of host galaxy masses, we searched the HST archive. Our final sample contains 56 PG objects at z ≤ 0.5 and 13 2MASS objects at z ≤ 0.4. 53 PG and all 2MASS sample have HST images, which we prefer due to the better PSF stability; we also include three PG objects which were observed only by the Gemini-N or the Subaru Telescope with AO (Guyon et al. 2006 ). Although we included only a small number of 2MASS objects, they are representative of the parent sample both in redshift and luminosity (Marble et al. 2003; Shi et al. 2014) .
As shown in Figure 1 , our sample contains ∼ 63% of the PG and ∼ 20% of the 2MASS parent sources. The inserted plots show that our PG and 2MASS quasars are biased toward the bright members of their parent samples; they are typically at z ∼ 0.16 and z ∼ 0.21 (median), respectively. For comparison, we also selected: a complete sample of 118 ULIRGs with (f 60µm > 1 Jy, Kim & Sanders 1998) at z ∼ 0.1, plus 587, 673 SDSS galaxies (Brinchmann et al. 2004 ).
DERIVATION OF THE STELLAR MASS AND SFRS OF QUASAR HOSTS
The stellar masses of our quasar hosts are calculated from host galaxy absolute magnitudes reported in the literature. In all cases, these are based on decompositions of 2D images into host and nuclear components. The result is listed in Table 1 . Note all literature measurements are rescaled to the cosmology at H 0 = 70 km s −1 Mpc −1 , Ω M = 0.3 and Ω λ = 0.7.
Before deriving stellar masses, we examine the consistency of the measurements from the seven studies we utilize. Overall, their methods used to remove the quasar contamination are very similar. The image was decomposed into the quasar and host light with a twodimensional analysis, with a stellar image or TinyTimproduced PSF image representing the quasar contribution. The host component was usually represented by a single de Vaucouleurs (elliptical) and a single exponential (disk) model, although sometimes an additional de Vaucouleurs plus exponential (bulge+disk) were added. The final result was determined by χ 2 minimization. For the PG sample, Veilleux et al. (2009) confirmed that their HST measurements were in good agreement with the prior ground-based and HST ones from McLeod & McLeod (2001) , Guyon et al. (2006) , Hamilton et al. (2008) , which contain ∼ 95% of our sample (see their Figure 7 ). The only exception is that the AO measurements from Guyon et al. (2006) overestimate the host magnitudes by ∼ 0.3 mag, which we corrected for sources from this study. Since the 2MASS host galaxies are typically brighter than their nuclei by ∼ 0.3 mag, it is reasonable to believe the reliability of the decompositions.
We estimated the stellar masses as follows. First, an absolute luminosity was calculated from this magnitude. For the 46 PG quasars with H or K band data, the magnitude was converted to the luminosity at the band of the magnitude with no K-correction. The optical magnitudes of the remaining 10 PG and all 13 2MASS sources were converted into r-band and i-band luminosities with appropriate K-corrections, based on the SWIRE template library (Polletta et al. 2007) . Given the lack of the optical color, we derived two K-corrections for each object corresponding to elliptical and spiral SED templates. We chose the elliptical template with an age of 5 Gyr and the Sb galaxy template for spirals. The different SEDs result in at most a 7% difference in derived mass. Second, stellar masses were estimated based on the luminosities. Xu et al. (2015b) demonstrate the accuracy of such single-band mass estimates compared with those from more complete photometry. For H-and K-band luminosities, we adopted the logarithmic stellar-mass/light ratio of -0.017 and -0.08, respectively (Bell et al. 2003) . For hosts with optical luminosities, since we do not have an optical color we derived two stellar masses using two mass-to-light ratios, one appropriate for blue galaxies and the other for elliptical galaxies. With the SDSS galaxies from the MPA/JHU catalog with stellar mass above 10 10 M ⊙ , we found the distribution of the massto-light ratios can be described by a combination of two Gaussians: log(M ⋆ /M ⊙ ) + M λ /2.5 = 2.23±0.09 for red and 1.99±0.18 blue in r-band, and 2.1 ± 0.07 for red and 1.89 ± 0.15 for blue in i-band, where M λ is the absolute magnitude in AB.
The final quoted errors are based on uncertainties in the host galaxy photometry and in the stellar M/L. For the first, we adopt the results from the works reporting the host photometry, since they performed detailed error analysis taking account of the residuals from PSF subtraction. For the M/L, we adopt the typical uncertainties in the NIR (∼ 0.2 dex), and optical bands (∼ 0.08 for ellipticals, and ∼ 0.17 dex for spirals from the SDSS galaxy distributions) to describe the scatter of the conversion. For nine PG quasars with dynamical measurements of host galaxies by Dasyra et al. (2007) , we found that our photometric masses are lower than the dynamical masses by only a factor of 1.2 (median), indicating no large systematic offset in our mass estimates.
The SFRs were obtained from Shi et al. (2014) . Basically, the aromatic features or 160 µm are used to estimate the SFRs based on the star-forming templates provided by Rieke et al. (2009) . In cases where we have 70um photometry and at least one of (i) aromatic features or (ii) 160um photometry, we use the latter to calibrate the relationship between 70um photometry and SFR. We then use this relationship to calculate SFRs in cases where we only have 70um photometry. The SFR estimates of the sample in this paper are the following:
(1) 11.3 µm aromatic features (1 object); (2) MIPS 70 µm photometry (18 objects); and (3) MIPS or PACS 160 µm photometry (48 objects). However, the weak host galaxy infrared emission from PG2349-014 and 2MASS J023430.6+243835 made it hard to estimate their SFRs, so we eliminated them from subsequent analysis.
RESULTS

Distribution of quasars along the main sequence
The distribution of our 67 quasar host galaxies in SFR vs. stellar mass is shown in Figure 2 with the 1 Jy ULIRGs and SDSS DR7 galaxies (see Section 2) overlaid. The stellar masses of the 1 Jy ULIRGs are from their K ′ band magnitudes (Kim et al. 2002) as discussed in Section 3, and their SFRs are estimated from the farinfrared luminosities (Kim & Sanders 1998 ) based on the scaling relation by Kennicutt (1998) . The SFRs and stellar masses of the SDSS galaxies are from the SDSS MPA/JHU catalog, multiplied by 1.5 to convert to the Salpeter IMF. We used the quantitative fitting of SDSS galaxies from Peng et al. (2010) adjusted to the Salpeter IMF to define the main sequence. The upward and downward boundaries are set to be ± 0.6 dex, which is twice the 1-σ scatter of the main sequence (Daddi et al. 2007 ). The dividing line between the "green valley" and red galaxies is estimated by eye, roughly 1.0 dex below the main sequence.
As shown in Figure 2 , the majority of PG quasar hosts reside within the main sequence, with 23% in the starburst regime and 11% in the green valley. The median distance of these galaxies to the main sequence is small, only 0.07 dex. The standard deviation of these distances is about 0.41 dex. Although this is larger than the 1-σ scatter (0.3 dex) of the main sequence itself, the large measured errors of the specific SFRs of the PG quasar hosts could broaden the intrinsic scatter. PG quasar host galaxies thus seem to follow more or less the main sequence.
2MASS quasar host galaxies, on the other hand, systematically lie above the main sequence, with only 1 out of 12 objects below. The median distance of 2MASS quasar hosts to the main sequence is 0.43 dex with a standard deviation of 0.33 dex. Super-giants in starbursts can contribute to the NIR bands (Shier et al. 1996) , possibly making the NIR-selected 2MASS sources biased toward ones with higher SFRs.
4.2. sSFR of quasar hosts as a function of global SMBH and host properties We here investigate the specific SFR (sSFR = SFR/M ⋆ ) of quasar hosts as functions of global SMBH and host properties. SMBH masses are extracted from Veilleux et al. (2009) by averaging the results from different methods, including spheroid luminosity, spheroid velocity dispersion, reverberation mapping, and virial relation. A bolometric correction from Elvis et al. (1994) was assumed for Eddington ratios. As shown in Figure 3 (a) , despite the large scatter, higher nuclear luminosity quasars seem to have on average higher sSFRs, e.g., at M B < -25 the majority of PG quasars lie above the sequence with the median 0.42 dex higher than the sequence, while lower B-band luminosity PG quasars distribute around the main sequence with a median value 0.11 dex below the sequence. A recent work by Shimizu et al. (2015) points out that the distribution of moderate-luminosity AGN at low-z peaks ∼ 0.6 dex below the main sequence. It seems that their result represents an extension of our finding of higher SFRs in higher nuclear luminosity AGN hosts. Figure 4 shows the redshift evolution of the sSFRs of our quasar hosts along with those of IR-selected highz quasars from Xu et al. (2015a) , providing further evidence that the PG quasar hosts follow more or less the evolution of the main sequence. At z = 0.3-0.5, PG quasar hosts have some bias toward higher sSFRs, in contrast to those below z = 0.3. At similar redshifts (0.3-0.5), quasars from Xu et al. (2015a) have lower luminosities than ours but show lower SFRs. This suggests that it is the luminosity instead of the redshift that causes PG quasar hosts to tend to have higher sSFRs at z = 0.3-0.5. Xu et al. (2015a) investigated SFRs and stellar masses of 24µm-selected quasars up to z = 1.8. For about half of their sample, SFRs can be measured based on individual detections in the far-IR. As with our study, their sample is composed of high-luminosity AGN, i.e. quasars, and has enough objects (∼ 300) to reach statistically robust conclusions. They found that the quasar hosts roughly follow the main sequence to z = 1.8. Xue et al. (2010) compared color and SFRs of moderate luminosity X-ray, narrow-line AGN hosts to galaxies of similar stellar mass but without AGN, and found at z >1 that the two stellar-matched-mass samples have similar SFRs. However, below z=1 they found 2-3 times -SFR-M⋆ relation for 67 2MASS (red) and PG (blue) quasar hosts. Galaxies with NIR measurements appear as squares, while those with optical photometry are shown as two circles corresponding to two K-corrections (see text). The typical error-bar is also noted. Over-plotted data include 118 complete 1 Jy ULIRGs (pink stars) and 587, 673 SDSS DR7 galaxies (filled grey contours). Contours in grey scale show the number density of the SDSS sample, and demonstrate a bimodal distribution. The dark green solid line describes the main sequence (Peng et al. 2010 ) with two dashed lines 0.6 dex above and below the sequence; the lime solid line is visually determined as the boundary between green valley and red galaxies, that is about 10 times below the sequence. In addition, two light blue downward arrows are for PG 0026+129 and PG1121+422, whose SFRs are 3σ values. The subplot at the right lower corner shows the distributions of the distance of our 2MASS (red) and PG (blue) objects to the main sequence. higher SFRs for the galaxies with AGN. Nonetheless, as shown in Figure 4 , the host galaxies in their sample tend to fall on or below the main sequence, with a minority in the starburst regime, including those at z < 1. Mullaney et al. (2012) used Herschel 100 and 160 µm measurements to investigate the SFRs of moderate luminosity X-ray AGN (L x =10 42−44 erg/s) at z = 0.5-3. Their color selection to identify cases where the stellar output is dominant (allowing accurate host mass estimates) strongly favors type 2 AGN, so their final sample resembles that of Xue et al. (2010) . Based on the individually detected far-IR sources combined with a stacking analysis, they found that the SFRs of these AGN hosts roughly follow the main sequence with slightly lower (20%) average SFR values. This combined with their findings of no relationship between SFRs and SMBH accretion rates support their suggestion that moderately luminous AGN are unlikely to be triggered by major mergers instead of internal processes, and that there may be no causal link between nuclear activity and star formation. Harrison et al. (2012) investigated Xray-luminous AGN (L x > 10 44 erg/s) and found their average SFRs are not suppressed or enhanced compared to star-forming galaxies at the same redshift. A similar result is found for optically-selected and X-ray-selected quasars between z=0.5 and z=2, again based on a stacking analysis (Rosario et al. 2013) . By decomposing the SED including upper-limits to measured SFRs for individual X-ray sources at z=0.2-2.5, Stanley et al. (2015) reach similar conclusions.
DISCUSSION: COMPARISONS WITH OTHER STUDIES
The above studies based on deep surveys consistently found that the more luminous hosts of AGN follow more or less the main sequence of star-forming galaxies. However, for purely star-forming galaxies of similar mass (> 10 10 M ⊙ ), the MS is a rough upper limit for the SFR and many galaxies fall well below it (Brinchmann et al. 2004) . Similarly, AGN studies that measure the SFR individually in a substantial fraction of the observed sample find that the stacked results for the remainder also fall substantially below the MS (e.g., Xu et al. 2015b) . Studies that rely more heavily on stacking may miss this behavior. In confirmation, Mullaney et al. (2015) observed some of their X-ray AGN hosts with ALMA and found a median SFR that is 0.4 dex below the main sequence. This result is similar to the low-redshift moderate-luminosity AGN that systematically lie below the sequence (Shimizu et al. 2015) . The overall result is that AGNs of moderate and high luminosity reside in host galaxies that are not dramatically different from star-forming galaxies in general, and major mergers may not be the main mechanism to trigger star formation in AGN hosts.
We can also place our finding in the widely adopted picture of major-mergers driving both star formation and AGN (Sanders et al. 1988; Hopkins et al. 2006) , as it is consistent with the evolutionary sequence from ULIRGs to type-2 quasars to type-1 quasars to elliptical in which sSFRs decrease from ULIRGs to obscured quasars (2MASS) to unobscured quasars (PG) to red dead ellipticals. However, the fact that PG quasars lie on the main sequence could also indicate that the triggering of quasars can happen widely in all types of galaxies with cold gas and ongoing star formation. Even in major mergers, the phase with enhanced SFRs is only a fraction of the whole duration of the interaction (Di Matteo et al. 2005) , and quasars may be triggered in all phases of major mergers, which is consistent with no observed relationship between sSFRs and morphology types as seen in Figure 3 (b).
CONCLUSIONS
In summary, from the distribution of quasar hosts on the main-sequence plane, we found that PG quasars follow more or less the main sequence. Our small sample of 2MASS quasar hosts lies systematically above the sequence, a result possibly affected by a selection bias. The behavior of the PG quasars at z < 0.5 is similar to that for samples studied by others at z > 0.5. While no apparent relationships are observed between sSFRs and black-hole masses, Eddington ratio or even morphology types, quasars with higher nuclear luminosities show on average higher sSFRs despite a larger scatter. Although our finding is consistent with the merger-driven AGN scenario that links ULIRGs to type-2 quasars to type-1 quasars to ellipticals, it may also imply that quasars can be widely triggered in host galaxies with rich gas and ongoing star formation, without a close connection to major mergers. 
